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We	present	a	novel	all-fiber	pumped	OPCPA	architecture	
to	 generate	 self-CEP	 stable,	 sub-8	optical	 cycle	duration	
pulses	 at	 7-micron	 wavelength	 approaching	 millijoule-
level	pulse	energy	at	100	Hz	repetition	rate.	The	system	
yields	 a	 peak	 power	 of	 1.1	 GW	 and,	 if	 focused	 to	 the	
diffraction	 limit,	would	 reach	a	peak	 intensity	of	7x1014	
W/cm2.	 The	 OPCPA	 is	 pumped	 by	 a	 2-micron	 Ho:YLF	
chirped	 pulse	 amplifier	 to	 leverage	 the	 highly	 efficient	
and	 broadband	 response	 of	 the	 nonlinear	 crystal	 ZGP.	
The	7-micron	seed	at	100	MHz	is	generated	via	DFG	from	
an	 Er:Tm:Ho	 multi-arm	 fiber	 frequency	 comb	 and	 a	
fraction	 of	 its	 output	 optically	 injects	 the	 Ho:YLF	
amplifier.	 While	 the	 pulse	 bandwidth	 at	 7	 micron	 is	
perfectly	 suited	 for	 nonlinear	 and	 spectroscopic	
applications,	current	parameters	offer,	for	the	first	time,	
the	 possibility	 to	 explore	 strong	 field	 physics	 in	 an	
entirely	 new	 wavelength	 range	 with	 a	 ponderomotive	
force	77	 times	 larger	 than	 from	an	800	nm	source.	The	
overall	 OPCPA	 system	 is	 very	 compact	 and	 provides	 a	
new	 tool	 for	 investigations	 directly	 in	 the	 molecular	
finger	print	region	of	the	electro-magnetic	spectrum	or	to	
drive	 high	 harmonic	 generation	 to	 produce	 fully	
coherent	 X-rays	 in	 the	 multi-keV	 range	 and	 possibly	
zeptosecond	temporal	waveforms.		©	2015	Optical	Society	of	America	
OCIS	codes:	(140.3070)	Infrared	and	far	infrared	lasers;	(190.4970)	
Parametric	oscillators	and	amplifiers;	(320.7090)	Ultrafast	lasers;	
http://dx.doi.org/10.1364/optica.99.099999	The	development	of	coherent	light	sources	with	emission	in	the	mid-IR	is	currently	undergoing	a	remarkable	revolution.	The	mid-IR	spectral	range	 has	 always	 been	 of	 tremendous	 interest,	 mainly	 to	
spectroscopists,	due	to	the	ability	of	mid-IR	light	to	access	rotational	and	 vibrational	 resonances	 of	 molecules	 which	 give	 rise	 to	 superb	sensitivity	 upon	 optical	 probing	 [1-3].	 Previously,	 high	 energy	resolution	 was	 achieved	 with	 narrowband	 lasers	 or	 parametric	sources,	but	the	advent	of	frequency	comb	sources	has	revolutionized	spectroscopy	by	providing	high	energy	resolution	within	the	frequency	comb	 structure	 of	 the	 spectrum	 and	 at	 the	 same	 time	 broadband	coverage	 and	 short	 pulse	 duration	 [4-6].	 Such	 carrier	 to	 envelope	phase	 (CEP)	controlled	 light	waveforms,	when	achieved	at	ultrahigh	intensity,	give	rise	to	extreme	effects	such	as	the	generation	of	isolated	attosecond	pulses	 in	 the	vacuum	to	extreme	ultraviolet	range	(XUV)	[7].	Motivated	largely	by	the	vast	potential	of	attosecond	science,	the	development	 of	 ultraintense	 few-cycle	 and	 CEP	 stable	 sources	 has	intensified	[8],	and	it	was	recognized	that	coherent	soft	X-ray	radiation	could	 be	 generated	 when	 driving	 high	 harmonic	 generation	 (HHG)	with	long	wavelength	sources	[9-11].	Recently,	based	on	this	concept,	the	 highest	 waveform	 controlled	 soft	 X-ray	 flux	 [12]	 and	 isolated	attosecond	pulse	emission	at	300	eV	[13]	was	demonstrated	via	HHG	from	a	1850	nm,	sub-2-cycle	source	[14].	Within	strong	field	physics,	long	wavelength	scaling	may	lead	to	further	interesting	physics	such	as	the	direct	reshaping	of	the	carrier	field	[15],	scaling	of	quantum	path	dynamics	 [16],	 the	 breakdown	 of	 the	 dipole	 approximation	 [17]	 or	direct	 laser	acceleration	[18].	The	experimental	development	of	 long	wavelength	light	sources	therefore	holds	great	promise	in	many	fields	of	science	and	will	lead	to	numerous	applications	beyond	strong	field	physics	and	attosecond	science.	Here,	 we	 present	 the	 first	 mid-IR	 optical	 parametric	 chirped	 pulse	amplifier	 (OPCPA)	 operating	 at	 a	 center	 wavelength	 of	 7	 μm	 with	output	parameters	suitable	already	for	strong-field	experiments.	It	 is	also	the	first	demonstration	of	OPCPA	using	a	2	μm	laser	pump	source	which	enables	 the	use	of	non-oxide	nonlinear	crystals	with	 typically	limited	transparency	at	1	μm wavelength.	This	new	OPCPA	system	is	all-optically	 synchronized	 and	 generates	 0.55	mJ	 energy,	 CEP	 stable	optical	pulses.	The	pulses	support	a	sub-4	cycle	pulse	duration	and	are	currently	compressed	 to	sub-8	optical	cycles	due	 to	uncompensated	
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higher	 order	 phase	 from	 the	 grating	 compressor	 which	 will	 be	addressed	in	the	future.	A	schematic	representation	of	the	OPCPA	is	shown	in	Fig.	1	and	follows	the	previously	proven	concept	of	our	3	µm	OPCPA	system	[19].	The	front-end	 of	 the	 system,	 which	 seeds	 both	 the	 pump	 and	 optical	parametric	amplifier	(OPA)	stages,	is	a	multicolor	all-fibre	laser	(Menlo	Systems	GmbH)	[20].	The	seeder	is	based	on	a	mode-locked	Er:fibre	oscillator	 and	 power	 amplifier	 which	 deliver	 1.55-μm	 wavelength,	nanojoule-level	pulses	at	a	repetition	rate	of	100	MHz.	The	output	is	split	into	two	arms,	the	first	of	which	is	compressed	in	fibre	to	72	fs	with	3	nJ	pulse	energy.	The	second	output	is	coupled	into	a	highly	non-linear	fibre	where	the	spectrum	is	broadened	to	an	optical	octave	via	super-continuum	generation.	The	portion	of	the	broadened	spectrum	around	2	μm	is	subsequently	split	into	two	arms.	The	first	is	used	to	seed	a	chain	of	broad-band	Tm:Ho	fibre	amplifiers	and	delivers	3	nJ	energy	pulses	centered	at	2040	nm,	which	we	compress	in	free-space	to	 130	 fs.	 The	 second	 arm	 is	 spectrally	 narrowed	 to	 1.5	 nm	before	seeding	a	chain	of	Tm:Ho	fibre	amplifiers.	At	the	output	we	obtain	4	nJ,	few	picosecond	pulses.		
		Fig.	1.	a)	Layout	of	the	OPCPA	concept	featuring	an	all-fibre	seeder,	a	DFG	stage,	a	2	µm	Ho:YLF	pump	laser,	a	chain	of	three	consecutive	ZGP	OPAs	 and	 a	 reflective	 grating-based	 compressor;	 HNLF,	 highly	nonlinear	fibre;	NBF,	narrow-bandwidth	filter,	Stretch.,	stretcher;	PM,	pick-off	 mirror;	 Comp.,	 compressor.	 b)	 Layout	 of	 the	 Ho:YLF	 CPA	featuring	 a	 CVBG	 stretcher,	 a	 pulse	 picker,	 a	 ring	 regenerative	amplifier,	 a	 single-pass	 cryogenically	 cooled	 booster	 amplifier	 and	 a	CVBG	compressor;	QWP,	quarter-wave	plate;	CVBG;	chirped	volume	Bragg	grating;	PC,	Pockels	cell;	TFP,	thin-film	polarizer.							
	Fig.	2.	Spectrum	of	the	mid-IR	pulses	amplified	in	the	ZGP	OPAs	(black	line,	shaded)	measured	using	a	scanning	monochromator	and	seed	spectrum	from	 the	 CSP	DFG	 stage	 (grey	 line)	measured	with	 a	 Fourier	 transform	infrared	 spectrometer.	 The	 spectral	 width	 of	 the	 OPCPA	 output	 at	 the	13.5%	point	is	1360	nm	–	corresponding	to	85	fs	transform	limit.		The	mid-IR	 seed	 for	 the	OPA	 chain	 is	 generated	 through	 difference	frequency	generation	 (DFG)	of	 the	 femtosecond	outputs	of	 the	 fibre	laser.	Seed	generation	using	DFG	was	demonstrated	to	generate	large	bandwidths	in	the	mid-IR	[21]	and	furthermore,	if	the	input	pulses	for	the	 DFG	 originate	 from	 a	 common	 oscillator,	 the	 output	 will	 be	intrinsically	CEP	stable	[22,23].	Passive	CEP	stabilization	has	proven	to	be	robust	and	reduces	the	overall	complexity	of	the	laser	system	[24].	We	chose	the	nonlinear	crystal	CdSiP2	(CSP)	as	the	generation	medium	due	 to	 its	 unique	 combination	of	 high	 effective	nonlinear	 coefficient	(deff	~	84.5	pm/V),	broad	phase-matching	characteristics	in	the	mid-IR	and	wide	transmission	window	[25].	Using	an	AR	coated	1.5	mm	thick	CSP	crystal	(BAE	Systems),	the	DFG	stage	produces	CEP	stable	optical	pulses	with	up	 to	150	pJ	of	energy	at	100	MHz	[26].	The	generated	spectrum,	which	is	shown	as	the	grey	line	in	Fig.	2,	is	centred	around	6.5	μm	and	spans	the	range	between	5.5	and	8	μm.		The	 pump	 laser	 is	 a	 central	 component	 of	 an	 OPCPA	 as	 it	 largely	determines	 the	 performance	 of	 the	 overall	 system.	 Currently,	 the	majority	of	high-intensity	mid-IR	sources	rely	on	parametric	amplifiers	pumped	 by	 laser	 systems	 operating	 at	 1	 μm	 [19,27,28].	 However,	extending	the	operating	wavelength	of	OPCPA	to	longer	wavelengths	has	 so	 far	been	hindered	by	 an	 increasingly	unfavourable	pump-to-idler	 photon	 ratio	 as	 well	 as	 a	 scarcity	 of	 nonlinear	 crystals	 with	suitable	 optical	 and	 mechanical	 properties	 or	 transparency	 [29].	Scaling	 the	 pump	 laser	 to	 longer	 wavelengths	 circumvents	 these	obstacles	 and	 has	 recently	 been	 achieved	with	 pump	 laser	 systems	based	on	Ho-doped	gain	media	delivering	high	energy,	 femtosecond	[30]	and	picosecond	[31,32]	pulses	around	2	µm,	suitable	for	pumping	OPAs.	The	pump	laser	of	the	OPCPA	described	in	this	work	relies	on	chirped	pulse	amplification	(CPA)	using	Ho:YLF	as	gain	medium	[31].	The	CPA	line	is	seeded	with	the	narrow-band,	2	μm	pulses	from	the	fibre	front-end.	The	few	picosecond	2	μm	pulses	are	temporally	stretched	using	a	chirped	volume	Bragg	grating	(CVBG;	OptiGrate	Corp.)	to	a	measured	duration	 of	 170	 ps,	 suitable	 for	 seeding	 the	 high	 gain	 amplifiers	without	risk	of	optical	damage.	Upon	stretching,	the	pulses	are	picked	at	 100	 Hz	 repetition	 rate	 and	 directed	 towards	 a	 Ho:YLF	 ring	regenerative	amplifier	 (RA).	 Injection	and	ejection	 from	the	cavity	 is	achieved	 using	 a	 rubidium	 titanyle	 phosphate	 (RTP)	 Pockels	 cell	operated	at	half-wave	voltage.	The	nJ	seed	pulses	are	amplified	to	4	mJ	
in	the	RA	and	then	sent	to	a	single	pass,	cryogenically	cooled	Ho:YLF	[33]	amplifier.	Both	the	RA	and	single	pass	amplifier	are	pumped	by	a	CW	Tm:fibre	laser	operating	at	a	wavelength	of	1940	nm.	At	the	output	of	the	CPA	we	measure	40	mJ	energy	with	power	fluctuations	of	less	than	0.8%	rms	and	peak-to-peak	fluctuations	of	less	than	3%	over	half	a	 million	 of	 shots.	 The	 compressor	 is	 based	 on	 a	 CVBG	 (OptiGrate	Corp.),	with	an	25x27	mm2	aperture.	The	compressor	has	an	overall	efficiency	of	85%	and	is	used	to	temporally	compress	the	output	to	a	measured	duration	of	11	ps.		The	temporal	seed	stretch	factor,	which	determines	the	pump	to	seed	pulse	duration	ratio,	is	an	important	design	aspect	of	an	OPCPA	since	it	has	 a	 large	 impact	 on	 efficiency,	 amplifiable	 bandwidth	 and	superfluorescence	 generation.	 There	 is	 a	 trade-off,	 since	 in	 general	one-to-one	matching	of	the	pump	and	seed	pulse	durations	leads	to	a	greater	 efficiency,	 while	 a	 shorter	 seed	 pulse	 leads	 to	 broader	amplification	 bandwidths.	 We	 used	 a	 nonlinear	 wave	 propagation	code	[34]	to	numerically	simulate	the	DFG	and	OPA	processes	in	order	to	choose	the	stretch	factor	for	the	seed.	Our	simulations	suggest	that	a	seed	pulse	duration	of	6	ps	together	with	an	11	ps	pump	pulse	permits	amplifying	 sufficient	 bandwidth	 to	 support	 a	 sub-100	 fs	 pulse;	 note	that	one	optical	 cycle	at	7	μm	equals	23	 fs.	We	chose	bulk	BaF2	 for	stretching	due	its	low	Fresnel	losses	and	high	GVD	in	the	mid-IR	(700	fs2/mm	at	6.5	μm).	According	to	our	calculations,	 the	mid-IR	seed	 is	stretched	to	6	ps	after	propagating	through	12	cm	of	BaF2.	The	stretched,	picojoule-level	seed	pulses	are	amplified	 in	a	chain	of	three	 consecutive	 non-collinear	 OPA	 stages.	 Due	 to	 the	 large	bandwidths	and	high	intensities	involved,	the	nonlinear	crystal	for	the	amplifiers	needs	to	be	chosen	carefully.	The	use	of	a	2	μm	pump	laser	allows	us	to	use	the	highly	non-linear	crystal	ZnGeP2	(ZGP)	(deff	~	75	pm/V),	 which	 for	 transparency	 reasons	 cannot	 be	 pumped	 at	 a	wavelength	shorter	than	2	μm	[29].	The	first	parametric	amplification	stages	consists	of	a	5	mm	AR	coated	ZGP	crystal	(BAE	Systems).	Using	approximately	200	μJ	of	pump	energy,	 focused	 to	an	 intensity	of	20	GW/cm2,	and	seeding	with	100	pJ,	the	first	amplifier	exhibits	a	gain	of	~104,	 yielding	2	μJ	 of	 energy	 in	 the	mid-IR.	An	 identical	5	mm	ZGP	crystal	is	used	in	the	second	amplification	stage,	which	is	pumped	with	4	mJ	of	energy	and	produces	100	μJ	pulses.	Finally,	the	output	of	the	second	OPA	stage	is	collimated	and	loosely	focused	into	the	third	OPA,	which	 consists	 of	 a	 3	mm	ZGP	 crystal	 and	 is	 pumped	with	 8	mJ	 of	energy.	This	last	amplification	stage	boosts	the	mid-IR	energy	to	0.55	mJ.	By	blocking	the	seed	of	the	OPA	chain	we	were	able	to	establish	an	upper	 limit	 of	 superfluorescence	 contributing	 to	 parametric	background	of	maximally	5%.			
	
Fig.	 3.	 	 Autocorrelation	 trace	 from	 a	 background	 free	 intensity	autocorrelation.	Shown	is	the	compressed	pulses	(blue	circle)	with	the	best	fitted	pulse	shape	which	is	a	Lorentzian	profile	(solid	red	line).	The	deconvolution	results	in	a	pulse	duration	of	180	fs	.	Measured	spatial	profile	(inset)	of	the	compressed	pulse	at	the	output	of	the	OPCPA.	
	Fig.	4.	 	The	graph	 shows	 the	OPCPA	output	pulse	energy	measured	single	 shot	 and	 over	 a	 period	 of	 30	 minutes.	 We	 find	 an	 excellent	stability	corresponding	to	2.5%	rms.	The	amplified	spectrum	at	the	output	of	the	OPCPA	is	shown	in	Fig.	2	and	was	measured	using	a	scanning	monochromator	equipped	with	a	liquid	 N2	 cooled	 mercury	 cadmium	 telluride	 (MCT)	 detector.	 The	spectrum	 is	 centred	at	7	μm	with	a	bandwidth	of	1360	nm	at	1/e2	which	supports	a	85	fs	pulse	duration	(sub-4	cycles).	Considering	that	the	amplification	is	ultrabroadband,	the	measured	energy	conversion	efficiency	of	18%	into	signal	plus	idler	in	the	last	OPA	stage	is	excellent.	After	amplification,	for	a	first	test	of	compressibility,	the	mid-IR	pulses	are	 directed	 towards	 a	 Martinez-style	 compressor	 consisting	 of	 a	reflective	Al-coated	diffraction	grating	with	150	l/mm	and	an	uncoated	CaF2	 lens.	 The	 total	 energy	 throughput	 of	 the	 compressor	 is	 35%	which	yields	a	compressed	energy	of	200	µJ.	We	expect	to	significantly	enhance	 the	 low	 energy	 throughput	with	 custom	made	 and	 coated	compressor	 components	 which	 should	 result	 in	 throughput	efficiencies	of	60	to	80%.		Upon	 compression,	 the	 temporal	 profile	 of	 the	 optical	 pulses	 was	characterized	using	background	 free	 intensity	 autocorrelation	based	on	a	ZGP	crystal	and	all	reflective	optics.	Figure	3	shows	the	measured	trace,	which	exhibits	an	autocorrelation	width	of	360	 fs.	 In	order	 to	evaluate	the	pulse	duration,	we	fit	various	line	shapes	(sech2,	Gaussian	and	 Lorentzian)	 to	 the	 measured	 autocorrelation	 trace	 for	 its	deconvolution.	We	find	that	the	autocorrelation	traces	are	best	fitted	with	a	Lorentzian	temporal	profile,	which	is	sensible	considering	that	pulse	 propagation	 suffers	 from	 residual	 absorption	 of	 small	 water	content	in	the	purged	box	which	would	give	rise	to	modification	of	the	sech2	autocorrelation	profile	in	favor	of	a	Lorentzian	shape.	Under	this	assumption,	 the	AC	 trace	corresponds	 to	a	pulse	duration	of	180	 fs,	which	 is	shorter	 than	8	optical	cycles.	As	comparison,	 the	measured	pulse	duration	would	correspond	to	the	same	number	of	optical	cycles	as	a	20-fs-duration	pulse	at	the	Ti:Sapphire	wavelength	of	800	nm.	In	order	 to	 leverage	the	 full	potential	of	 the	source	 to	generate	 few-cycle	 pulses,	 advanced	 pulse	 diagnostics	 capabilities	 are	 warranted	that	can	measure	the	pulse	amplitude	and	phase	at	7	micron	rapidly.	A	straightforward	implementation	of	methods	such	as	FROG	or	SPIDER	is	 however	 stymied	 by	 the	 absence	 of	 mid-IR	 array	 detectors	 with	sufficient	spatial	or	spectral	resolution	thus	resulting	in	unrealistically	
long	 scan	 times	 or	 insufficient	 resolution.	We	 believe	 that	methods	such	as	electro	optical	 sampling	will	be	 ideally	 suited	 for	direct	 and	relatively	 fast	 waveform	measurements	 in	 the	mid-IR	 [35].	 Further	reduction	 in	pulse	duration	should	be	straightforward	to	 implement	based	 on	 methods	 using	 spectral	 broadening	 and	 subsequent	compression	[36,37]	or	direct	pulse	compression	in	the	mid-IR	[38].	Lastly,	we	monitored	 the	 stability	 of	 the	 compressed	 output	with	 a	pyroelectric	detector	and	we	measured	an	excellent	 system	stability	with	energy	fluctuations	of	less	than	2.5%	rms	over	30	minutes	(Fig.	4).		In	conclusion,	we	have	demonstrated	the	first	ultrafast	mid-IR	OPCPA	directly	operating	at	a	centre	wavelength	of	7	μm	with	a	new	OPCPA	architecture	leveraging	non-oxide	crystals	which	are	directly	pumped	at	2	μm.	The	entire	system	is	fiber	pumped	and	based	on	a	multi-arm	fiber	 front-end	with	 different	 emission	wavelengths	which	 provides	the	optical	seed	and	optical	synchronization	without	any	electronics.	The	OPCPA	seed	is	derived	via	DFG	from	two	of	those	fiber	outputs	which	leads	to	a	passively	CEP-stable	mid-IR	frequency	comb	output	at	100	MHz	repetition	rate.	The	pump	laser	is	directly	seeded	by	the	same	fiber	frontend	and	consists	of	a	Ho:YLF	regenerative	amplifier	followed	by	 a	 cryogenically	 cooled	 Ho:YLF	 single	 pass	 amplifier.	 The	 200	 µJ	output	at	180	fs	leads	to	a	peak	power	of	1.1	GW	and,	if	focused	to	the	diffraction	limit,	to	a	peak	intensity	of	7x1014	W/cm2	which	is	sufficient	for	 strong	 field	 experiments.	 Simulations	 indicate	 that	 the	 OPCPA	architecture	 should	 be	 scalable	 to	 pump	 energies	 close	 to	 the	 joule	level	and	to	pulse	energies	in	the	tens	of	millijoule	range	at	7	micron.	Further	ongoing	steps	include	increasing	pulse	energy	through	scaling	of	 the	 Ho:YLF	 amplifier,	 careful	 tailoring	 of	 pump	 and	 seed	 pulse	durations	and	chirp	of	the	OPCPA	stages,	and	further	reduction	of	the	pulse	duration	at	7	micron.	We	believe	that	the	demonstrated	pump	and	OPCPA	architectures	are	attractive	due	to	the	compactness	of	the	overall	system	and	the	fact	that	it	is	entirely	fiber	laser	pumped	which	reduces	operating	costs	drastically.	Moreover,	the	system’s	operating	characteristics	now	enable	access	to	the	full	mid-IR	spectral	range	to	ultrafast,	nonlinear	and	strong	field	physics.			
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